Black manganese-rich crusts are found worldwide on the façades of historical buildings. In this study, they were studied exemplarily on the façade of the Freiburger Münster (Freiburg Minster), Germany, and measured in-situ by portable X-ray fluorescence (XRF). The XRF was calibrated to allow the conversion from apparent mass fractions to Mn surface density (Mn mass per area), to compensate for the fact that portable XRF mass fraction measurements from thin layers violate the assumption of a homogeneous measurement volume. Additionally, 200-nm femtosecond laser ablation-inductively coupled plasma-mass spectrometry (fs LA-ICP-MS) measurements, scanning transmission X-ray microscopy-near edge X-ray absorption fine structure spectroscopy (STXM-NEXAFS), Raman spectroscopy, and imaging by light microscopy were conducted to obtain further insight into the crust material, such as potential biogenic contributions, element distributions, trace element compositions, and organic functional groups.
Introduction
Historic buildings and monuments in urban areas often show extensive dark or black discolorations, which affect their aesthetic appeal and whose restoration can have considerable economic implications (Newby et al., 1991) . Until recently, most of these blackened areas were thought to be formed by the accumulation of soot, which on carbonate building materials is often incorporated into a matrix of gypsum. The main source of the soot can be traced back to fossil fuel combustion, which depending on the time and place concerned may be dominated by coal burning, diesel engines, and other activities (Bonazza et al., 2005 (Bonazza et al., , 2007a Brimblecombe and Grossi, 2009; De Oliveira et al., 2011; Brimblecombe, 2002, 2008; Pio et al., 1998; Ruffolo et al., 2015; Sáiz-Jiménez and Hermosin, 2004) .
The gypsum layer develops as a result of the sulfur dioxide (SO 2 ) released in the course of fossil fuel combustion, which can either react directly with the carbonate material or after its oxidation to sulfuric acid in the atmosphere (Bonazza et al., 2005; Brimblecombe and Grossi, 2009; Grossi and Brimblecombe, 2002; Ruffolo et al., 2015) . Colored organic compounds incorporated into the coatings can result in brownish or yellowish discolorations (Bonazza et al., 2007a; Brimblecombe and Grossi, 2009; Grossi and Brimblecombe, 2008) . More recently, the growth of cyanobacteria (Bonazza et al., 2007b; Uchida et al., 2016) , bacteria , and fungi (De Oliveira et al., 2011; Gorbushina et al., 1993; Saiz-Jimenez et al., 2012; Viles and Gorbushina, 2003) was also implicated in the discoloration of exposed stone materials.
However, in the last few years it was discovered that some black crusts on buildings in urban open areas are actually Mn-rich coatings (Grissom et al., 2014; Grüner et al., 2011; Livingston et al., 2016; Uchida et al., 2016; Vicenzi et al., 2016) with an as yet unknown genesis. These black crusts lack identifiable biogenic structures (Grissom et al., 2014; Livingston et al., 2016; Vicenzi et al., 2016) and are thus dissimilar to Mn-rich crusts found in cave environments, which had often been found to be of biogenic origin (Frierdich et al., 2011; Miller et al., 2012; Saiz-Jimenez et al., 2012; White et al., 2009) . Manganese-rich coatings on facades of buildings of historical interest are often present on siliceous stones, such as quartz-based sandstones, in contrast to the soot-rich crusts on limestones, marbles, or calcareous sandstones (Bonazza et al., 2005 (Bonazza et al., , 2007a Brimblecombe and Grossi, 2009; Brimblecombe, 2002, 2008) . Grossi and Brimblecombe (2002) report that quartz-based sandstones behave differently from limestones and marbles, since they are resistant to sulfurbased acids in the air and they "tend to become dirtier in rain-washed areas than in sheltered areas".
Such Mn-rich coatings were described from the Freiburger Münster, Freiburg, Germany (Fig. 1) by Grüner et al. (2011) . They had also been observed on several other buildings of historical interest, such as at the church in Stödtlen, Germany (Grüner et al., 2011) , the Smithsonian Institute in Washington D.C., USA (Grissom et al., 2014; Livingston et al., 2016; Vicenzi et al., 2016) , and the Khmer temples in Cambodia (Uchida et al., 2016) , indicating the worldwide abundance of these crusts. Manganese-rich crusts on historical buildings are not only found on sandstone building blocks, but also on laterites and bricks (Uchida et al., 2016) . No systematic association has been observed between the surface roughness of the building blocks and crust development, neither on the Freiburger Münster, nor on the Smithsonian Castle . Furthermore, the patches are most abundant on the building blocks themselves, and only to a lesser extent on the mortar between them. The crusts seem to start growing on the sandstone and only cover the mortar in cases when the crusts span several blocks, an observation also made at the Smithsonian Institute .
As these patches disfigure the appearance of the buildings, attempts were sometimes made to seal and protect the building blocks by painting them with various coatings or sealants. At the Freiburger Münster manganese-rich crusts had been found especially prominently on the Renaissance-Vorhalle built in 1620. This addition to the minster was treated with a hydrophobic, diffusion-open silicon resin paint during restoration work in 2003 (Grüner et al., 2011) , which ironically might have created conditions particularly suitable for Mn-crust growth. Another part of the minster, the Schöpfungsportal (creation portal), was treated with a pore-closing silicic acid ester on several areas. Black crusts grew at these locations within only about four years. The Schöpfungsportal is of specific interest because of existing photographic documentation spanning the last 100 years. It appears that the applied coatings have actually facilitated the growth of the black crusts, hence it is of importance to understand their genesis and formation mechanisms before considering further restoration measures.
This study aims to investigate the chemical composition of these coatings, which belong into the category Type IV of rock varnish , their distribution on the cathedral surfaces, their formation mechanisms, and the source of the Mn at the example of the Freiburger Münster. The minster, which was built from around 1200 until 1513, is a well-known cathedral belonging to the Freiburg archdiocese. Black crusts at the minster were investigated and mapped up to a height of about 30 m together with their chemical composition obtained using a portable XRF, a non-destructive technique that is very suitable for historic buildings and artefacts. In addition, we investigated two samples by optical microscopy, 200-nm fs LA-ICP-MS, Raman spectroscopy, and STXM-NEXAFS, to obtain major and trace element compositions, reveal structures, determine the presence of organisms, and investigate organic functional groups and carbon abundances within the crusts.
Material and methods
The Freiburger Münster was investigated at different sites and heights (Fig. 2 ). Measurements were taken at the Joch 12 S at the Chor (0.5 m height), at the Sterngalerie-Nische south-side (1.5 m height), below the Renaissance-Vorhalle (no silicone resin paint, about 1.5 m height), and at the Schöpfungsportal north-side (2 m height), at the south/east Facade of the "Sterngalerie am Hauptturm" (1.5 m height), at the pillar located at 2/3 on the north-side Sockelbereich (1.5 m height), at the Strebepfeiler 13/14 S (7 m height), at the RenaissanceVorhalle (south-side) on the gallery (about 7.7 m height), at the Additionally, the cathedral's building materials were investigated using samples of clean, unexposed rocks to obtain their Mn content (Table 1) . The materials from different quarries used as building block resources were Lorettoberger, Heimbacher/Tannenbacher, Schweinstätter, Pfinztäler, Pfaffenweiler, Neckartäler, Fischbacher, and Almendsberger sandstone (Fig. 3, Table 1 ). The sources of some sandstones are not known, one of them a reference sample called AA1, as well as the sandstone used to build "Chor Nord" and "Turm S-W" (Table 1) .
A portable XRF (Thermo Fisher Scientific Niton XL3) was used to investigate the black patches on the Freiburger Münster, especially for the MnO content and the patch distribution. Similar instruments have been used previously for this type of measurements because of their portability and non-destructive operation Uchida et al., 2016; Vicenzi et al., 2016) . Measurements were conducted in the "mining" mode, and measurements with each filter were integrated for 20 s. The instrument is equipped with an X-ray source with an energy of 50 keV, a silver anode, and has a spot size of 8 mm.
For quality control, the reference material TILL-4 (GeoReM database http://georem.mpch-mainz.gwdg.de) was measured before and after each XRF measurement sequence, as well as between each sample for the calibration curve measurements. A total of one hundred measurements were made on various parts of the Freiburger Münster. The results directly derived from the measurements on the uncoated sandstones are valid as a measure of the Mn concentration in the rock, since sandstones are relatively homogeneous. However, the measurements on the black crusts had to be calibrated differently, since X-rays are produced and scattered back from different depths. Many authors provide the measurement results of thin layers as they were read directly from their portable XRF instrument Uchida et al., 2016) . Nevertheless, these authors also state that their numbers are not actual concentrations, but provide relative estimates suitable for comparison only (Uchida et al., 2016; Vicenzi et al., 2016) . The depth from which information can be retrieved depends on the atomic number of the element of interest, as well as on the composition of the matrix material, which is in this case the crust and a certain depth of the rock behind it.
To obtain a calibration curve appropriate for the Mn coatings, we used four Mn-covered rock samples (rock varnishes from California). Squares cut from these rocks were used to obtain crust-covered surfaces between 4.38 and 6.25 cm 2 . The exact surface areas were determined utilizing the software ImageJ. The Mn-rich crusts were measured by portable XRF on 21 different spots on each rock used for calibration, since the thickness of the crust varies across the rock surface. An average value was taken for the calibration. Additionally, the underlying rocks on the backside of the squares were measured to obtain the MnO contents of the host rocks.
The crusts were dissolved off the rock surface by treatment with 0.02 M hydroxylamine hydrochloride at a pH of 2.5 and a temperature of 70°C. The solution was evaporated and the procedure repeated several times until XRF measurements on the formerly MnO-covered surface gave values similar to those of the host rock. The solution was heated until the dissolved crust material precipitated, the precipitate was weighed and dissolved in 2% HNO 3 . This solution was measured by ICP-MS (Agilent 7900 ICP-MS) for its Mn content, with Rh as the internal standard element. The reference materials BHVO-2 and BCR-2 (Jochum et al., 2016) were additionally measured for quality control. The Mn surface density (i.e., the amount of Mn per surface area) was calculated using the sample surface area and mass of Mn in the sample obtained from the dilution factor and the Mn mass fractions measured by ICP-MS. In addition to the calibration values derived by this method, we also used a standard foil from Micromatter™ with a Mn loading of 104.7 μg cm −2
. The Mn K-α count rate (peak height) obtained by the XRF from this standard foil, showed significant differences depending on whether it was measured in air or with a rock slice (basalt or quartzite) behind it (Fig. 4) . We consider the values obtained with the rock backings as the most appropriate for our measurements on Mn crusts. Plotting the Mn surface density against the Mn K-α count rate of the four rock varnish samples and the standard foil with the rock backings, we obtained a calibration curve (Fig. 4) . In principle, a nonlinear function should be chosen since the detection is a non-linear process with high count rates for surface detections and no influence of the element contribution below the information depth. The calculation of the calibration curve can thus be based on an adaption of the theoretical equation by Barrea et al. (1998) , resulting in a logarithmic fit. From our two measurement points with very high Mn values, which we derived from the Renaissance Portico, we were able to calculate the extreme of the logarithmic function and use it to fit the data (Fig. A of the appendix). However, since we do not have more measurement points of high values, such an extrapolation is problematic. Therefore, Reneau (1993) .
Since the portable XRF reports its results in the form of an apparent concentration rather than as count rates, we evaluated the relationship between count rate and reported concentration (Fig. 5) . We found that as long as the host rock matrix is more or less the same (sandstone in our case), the correlation is excellent, and the apparent concentrations can be used for convenience to convert the XRF measurements into surface densities. On the other hand, our measurements with the standard foil indicated a significant influence of the host rock matrix. Therefore, calibrations using host rocks similar to the samples or the use of the count rates obtained from the spectra are a prerequisite for accurate results.
In one sample, J12SC, taken from Joch 12S at the Chor at 0.5 m height, 39 elements were measured by a 200-nm fs LA-ICP-MS (a ThermoFisher Element 2 single-collector sector-field ICP-mass spectrometer combined with an ESI 200-nm fs-laser ablation system NWRFemto) to obtain accurate mass fractions of major and trace elements with low detection limits. As reference materials, GSE-1G and NIST 610 (GeoReM database http://georem.mpch-mainz.gwdg.de) were chosen. Laser ablation was conducted in a New Wave Large Format Cell in a He atmosphere. All measurements were conducted using the medium mass resolution mode (2000) with flat-top peaks. The sample was introduced as a thick-section (70 μm) of the cross section of the crust. After pre-ablation the sample was scanned via line scans along a profile from the underlying rock through the varnish into the embedding resin. To normalize the data, the oxides of the major elements (Na 2 O, MgO, Al 2 O 3 , SiO 2 , P 2 O 5 , K 2 O, CaO, TiO 2 , MnO 2 , and Fe 2 O 3 ) were assumed to add up to 98%. By this method, the procedure is reproducible and easily recalculated if future measurements are able to provide the exact amount of water and organics within the crusts.
Furthermore, sample J12SC and reference compounds were investigated by STXM-NEXAFS with the X-ray microscope at beamline 5.3.2.2 at the Advanced Light Source (ALS), Berkeley, CA, USA, and with the MAXYMUS microscope at BESSY II, Helmholtz-Zentrum Berlin, Germany, to obtain element distribution maps and to study the functional groups of the organic matter distributed within the sample. A description of the STXM-NEXAFS technique can be found in Moffet (2011) . Since STXM-NEXAFS is a transmission light method and requires samples of a thickness of about 100 nm, focused ion beam (FIB) sputtering (milling) was performed at the Max Planck Institute for Polymer Research (Mainz, Germany) using a Nova600Nanolab FIB dual-beam instrument of FEI to prepare an ultra-thin section of the sample (50 μm × 30 μm x 150 nm). Details on the X-ray microscopes can be found in Kilcoyne et al. (2003) as well as Weigand (2014) and Follath et al. (2010) . The STXM measurement and sample handling techniques are described in Pöhlker et al. (2012) .
The same sample was used to conduct micro-Raman spectroscopy. Raman spectra were obtained using a Bruker Senterra Instrument at the Max Planck Institute for Polymer Research (Mainz, Germany). The measurements were made with a 785 nm laser and an objective of 50× magnification. The spot size was about 2 μm, 2 acquisitions were chosen, and an aperture of 5 × 1000 μm. The spectral range from 0 to 3500 cm −1 was measured with a resolution of 3-5 cm −1 . The power was increased from 1 mW, over 10 mW, up to 25 mW, and exposure times between 90 and 180 s were chosen, using the settings published by Sadezky et al. (2005) for orientation. Since the sample was very thin (100-200 nm), the high power settings eventually destroyed the sample. To validate the data, additional measurements were conducted on an unprocessed piece of sample J12SC, with 10 mW, an objective of 20× magnification, and a spot size of about 4 μm. The same bands were detected at the same wavenumbers, indicating that the bands were not produced by degradation of the sample material by the laser. Baseline correction was performed with the software OPUS 7.5 Senterra E. A concave rubberband correction with 10 iterations for 64 baseline points was conducted. Uncorrected raw spectra are provided in Fig. B of the appendix.
Results and discussion

Sandstones as possible source of Mn
Measurements were conducted to obtain an overview over the Mn abundances in the materials used for the construction of the minster (sandstones) ( Table 1 ) and the presence of Mn in the crusts on the minster's facade (Table 2) . Several bare sandstones were measured at the facade, as well as freshly-cut sandstone surfaces from several quarries that had been used as sources for the sandstone blocks of the minster. The sandstone matrix measurements revealed MnO mass fractions between < 0.015% (below the detection limit) and 0.088%. Small clay lenses (up to 1 cm in diameter) within one sandstone sample had MnO mass fractions up to 0.13% MnO.
Black patches at the minster's facade were measured from 0.5 m to about 30 m in height. Manganese-rich patches (≥150 μg cm −2 ) were only found up to a height of 7 m. The Mann-Whitney-U test (Mann and Whitney, 1947) , conducted using the software SPSS, was used to ascertain that the difference between the Mn-abundances of the patches below and above 7.7 m was indeed significant. This was confirmed by the test (U = 14, p < 0.0005). The effective size index calculated for the dataset (r = 0.73) after Cohen (1992) also corresponds to a strong effect. The exception were especially Mn-rich patches at the Renaissance-Vorhalle (Renaissance Portico) at a height of about 7.7 m, a supplement to the minster, which had been treated during restoration work (2003) with a silicon resin. Visually similar black patches were found at greater heights, but they all lacked high Mn mass fractions. They either showed elevated amounts of CaO (∼20%) and S (∼6%), or biological encrustations. While high Ca and S mass fractions of black patches indicate a gypsum crust (CaSO 4 *2H 2 O) which captured soot particles, the organisms found were identified as black fungi and cyanobacteria ( Fig. 6C-D) . Black fungi (De Oliveira et al., 2011; Gorbushina et al., 1993; Saiz-Jimenez et al., 2012; Viles and Gorbushina, 2003) , cyanobacteria (Bonazza et al., 2007b; Uchida et al., 2016) , and black gypsum crusts (Bonazza et al., 2005; Brimblecombe and Grossi, 2009; Grossi and Brimblecombe, 2002; Ruffolo et al., 2015) have been previously observed forming black crusts on rock surfaces. However, it cannot be distinguished by macroscopic features alone, if the black patches are soot, fungi, or Mn-rich crust, while they do clearly D.S. Macholdt et al. Atmospheric Environment 171 (2017) 205-220 show different chemical compositions (Fig. 7) . Previous authors had discussed whether the Mn-rich crusts on facades might obtain their elements by leaching of the underlying sandstone, transport through the sandstones pore systems, and deposition at the surface (Grüner et al., 2011) . Most sandstones used to build the minster have MnO concentrations below the detection limit of the portable XRF used (0.015% MnO). Thus, to obtain enough Mn to form a crust of 3.4% MnO (J12SC) from a sandstone with < 0.015% MnO, transport of all available Mn present in the sandstone from a depth of at least 5 cm to the surface would be necessary. This depth is indeed in the range where capillary rise can occur in porous sandstones (Tsunazawa et al., 2016) . However, no Mn-lined fissures are observable in cross sections and the crusts seem to be continuous layers and not predominantly abundant close to pore systems or intruding the rock surface similar to weathering crusts (Fig. 8g, h ). The patch distribution could be explained by proximity to areas with higher porosity, however, the height limitation of Mn-rich patches to below 7 m, the leaching process within the sandstones, and the preferred accumulation of Mn 4+ over Fe 3+ could not be explained. It is not clear how Mn could be mobilized within the sandstones, which would require low pH or reducing conditions, and which processes would allow the precipitation and oxidation of Mn 2+ to immobile Mn 4+ at the rock surface. Another good indicator that such a leaching process is probably not the main driving force behind the development of the crusts is the fast and preferential growth on top of sealing paints that had been applied on particular sandstone surfaces after restoration. Table 3 Results from 200-nm fs LA-ICP-MS measurements of sample J12SC (taken from Joch 12 S at the Chor at 0.5 m height; Fig. 2a , 
Vehicle emissions as potential sources of Mn
Another possible source of Mn is pollution by traffic or similar sources, which could explain the acceleration of crust growth in recent times. Motor vehicles are known to be a major source of particulate matter and contribute strongly to the distribution of metal-containing particles in urban air (Schauer et al., 2006) . The abundance of Mn in air masses in larger German cities is about 20 ng m −3 , based on Vallero km driven (particles < 10 μm), most of which is released by wearing down and evaporation of brake material (0.1-0.17% of the dust produced by brake material < 10 μm is Mn), to a lesser extent from resuspended road dust (up to 700 μg g −1 of the resuspended road dust is Mn), and only marginally from tailpipe emissions (22-74 μg g −1 of the tailpipe emission is Mn) (Schauer et al., 2006) . Regarding the particle size distribution, information diverges. While Schauer et al. (2006) state that Mn-rich particles are most abundant in the size range between 1 and 10 μm, with the highest mass abundance between 1 and 1.8 μm, Birmili et al. (2006) found during their studies that particles < 0.5 μm and > 1.5 μm are the main Mn contributors in the fine and coarse particulate matter (PM) size ranges. They interpret the observed spread across all size ranges as an indicator for the existence of several different source mechanisms. Since mechanically generated particles are relatively coarse in size, normal grinding of brake material cannot be the sole mechanism of brake wear emission (Schauer et al., 2006) . Since brake pads contain organometallic material (Rogge et al., 1993) , friction-heated surfaces of brake pads and rotors are most likely to also contribute to the PM production by volatilization and condensation of this material (Garg in (a, b) . Fig. 7(g) is a structure overview image at the Mn pre-edge (530.5 eV) and (h) an overview at the absorption energy of Mn (641 eV). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) D.S. Macholdt et al. Atmospheric Environment 171 (2017 ) 205-220 et al., 2000 Sanders et al., 2002) . Tire material does not contribute to Mn emissions, but it releases Zn in relatively large amounts (Schauer et al., 2006) . The high Zn mass fractions (5000 μg g −1
) in the crusts measured on the Freiburger Münster are thus an additional indicator for vehicles as PM sources (Table 3) . Other traffic-related elements of high abundance in the crusts on the Freiburger Münster are Pb (8300 μg g −1
) and Ba (1750 μg g −1 ) (Table 3) .
Brake pad wear is also the dominant contributor to Ba in urban air, since barium sulfate is a major component of them. Barium sulfate is used as a stable filler that accounts for up to 40% of the brake pad weight (Blau, 2001 ). Unlike U.S. American and Japanese vehicles, European vehicles' brake linings are usually comprised of low-steel or NAO materials due to higher performance requirements (Birmili et al., 2006) . They consist of steel (0-20%), Cu (16%-22%), Al 2 O 3 (0-2.5%), Fe 2 O 3 (0-10%), ZnS (5-6%), BaSO 4 (10%-16%), and organic binding materials, according to the "Bremsenhandbuch" (brake handbook) (Breuer and Bill, 2006) . The largest Ba mass fractions can be found in PM > 10 μm, since they form by mechanical abrasion (Schauer et al., 2006) . Barium was found to have an abundance of about 3.5-17.1 ng m −3 in urban air (Schauer et al., 2006) .
Lead can be emitted from several sources, including fuel and motor oil combustion, brake wear, and re-suspension of enriched road dust (Cadle et al., 1997; Garg et al., 2000; Young et al., 2002) , among which resuspended road dust predominates (Schauer et al., 2006) . A major fraction of the Pb in road dust still has its source in industrial and tailpipe emissions from the time before the phase-out of leaded gasoline, but also from Pb wheel alignment weights that are lost from vehicle wheels and subsequently pulverized by traffic (Root, 2000) . Since tetraethyl lead, the former organometallic additive to gasoline, tended to oxidize and damage valves, spark plugs, and combustion chambers, brominated and chlorinated organics were added as scavengers (Robert, 1984) . These compounds convert Pb oxides to volatile halide salts which exit through the tailpipe (Nriagu, 1990) . Because these compounds are resistant to removal, they are still common in the environment despite the lead phase-out policy (Oudijk, 2010) . Currently, Pb concentrations of 1-9 ng m −3 were measured in urban air in Milwaukee and Waukesha, WI, USA and Denver, CO, USA (Schauer et al., 2006) . The agreement of the main inorganic particulate matter released by vehicles and the main enrichments of elements within the crusts suggests that vehicle emissions are indeed good candidates for the sources of the Mn, Ba, Pb, and Zn observed on the Freiburger Münster. Antimony would be another element providing information about the source of the elements (Iijima et al., 2008; Okkenhaug et al., 2015) , and should be measured additionally in future studies.
Manganese leaching and distribution
Manganese produced and released through the processes described above has an average leachable fraction of 90% (at 37°C, pH ∼7.4, and leaching for 8 h) (Schauer et al., 2006) . For comparison, Fe has only a leachable fraction of 10-25%, which is in agreement with the enrichment of Mn over Fe in the minster's crusts, even though the elements generally have similar chemical behavior. Barium and Pb have a leachable fraction of about 25%, and Cu, Zn, and Sb 50-60% (Schauer et al., 2006) . While Janssen et al. (1997) also found a solubility of 91% for Mn in a weak acidic solution, Espinosa et al. (2002) and Birmili et al. (2006) determined a solubility of 10-40% in a pH-neutral water solution. However, since rain tends to be slightly acidic, it is likely that most of the Mn in aerosols is soluble in urban environments. Leaching and redeposition of aerosol Mn is thus a plausible mechanism for the enrichment of Mn on the facade of the Freiburger Münster. An explanation for the decrease of Mn with height can be the vertical distribution of vehicle emissions. The highest exhaust fume amounts are reported close to the ground, rapidly decreasing at greater heights (DePaul and Sheih, 1985) . The exact height up to which vehicle movements influence the flow and turbulence of air masses, and by this the distribution of vehicle emissions, depends on the width and height of the street canyons within a city, as well as on wind speed, tree density, and other factors. Turbulent air masses, responsible for the distribution of the vehicle emissions, are reported to reach up to 7-12 m (DePaul and Sheih, 1985; Qin and Kot, 1993) . This relation between the concentration of heavy metals in black crusts and the distribution height of vehicular traffic emissions was observed before by Ruffolo et al. (2015) .
The limitation of the Mn-rich patches to sandstone buildings, while not affecting houses that are close by, has puzzled authors before . One possible explanation is the availability of alkali and alkaline earth metal containing minerals within sandstones, which increase the pH value. The rough surface, which prevents water from draining and has a tendency to remain cold and delay evaporation or even initiate condensation of water, could also contribute. The discolorations on the facade of the Freiburger Münster show a patchy shape, often starting in the middle of the sandstone blocks. This is in agreement with the observation that during warmer days, condensation can occur preferentially in the middle of the sandstone blocks where the material is surrounded by rock in five of six directions. Rock surfaces are known to be favorable sites for condensation from the atmosphere (Duvdevani, 1949 (Duvdevani, , 1953 , providing an additional water source that is not available to the rest of the sandstone block. Furthermore, clay layers are abundant within sandstones, containing minerals that store water in their interlayer sites. The water film deposited on the rock surface will initially have slightly to strongly acidic pH values, similar to the pH value of rain or fog in urban areas. Upon deposition, the pH value of the water film increases due to the exposure to alkali and alkaline earth metal containing minerals within the sandstone. Furthermore, protons can be absorbed by clay minerals, releasing cations to the water film, increasing the pH value of the solution.
A Pourbaix diagram (E h -pH diagram) can be utilized to determine the conditions needed for the oxidation from Mn 2+ to Mn 4+ (Fig. C of the appendix). Increasing the pH value from 6 (rain water) to about 8-9 (addition of alkaline paint, alkaline catalysts from paint, alkali and alkaline earth metal oxides, or carbonates) shifts the system from the stability field of mobile dissolved Mn 2+ into the stability field of immobile solid γ-MnOOH(s) or δ-MnO 2 (s) (Brookins, 2012; Takeno, 2005) . Thus, a phase boundary is crossed in the Pourbaix diagram and the immobile Mn 4+ phase is thermodynamically favored (Fig. C of (Hem, 1963) . Thus, the transformation from Mn 2+ to Mn 4+ , even in the absence of a catalyst, becomes more likely (Martin, 2005) . Manganese 4+ can then precipitate and form stable, immobile Mn oxyhydroxide phases. Since each sandstone block at the minster is different in its mineral distribution and content, this could result in the observed, seemingly randomly distributed, crust-free and crust-covered rock surfaces. To confirm this assumption, chemical and mineralogical analyses of the sandstones themselves would be necessary. The oxidation might not only take place as homogeneous oxidation, as described above, but also as heterogeneous oxidation, e.g., when it is catalyzed by a metal oxide surface. These surfaces can either be those of foreign minerals, but in the case of manganese, autocatalysis can also contribute significantly, e.g., Mn 2+ can be oxidized to additional
MnOOH on an MnOOH surface (Martin, 2005) . That is, the system catalyzes itself, increasing the reaction rate as the reaction proceeds, leading to the occurrence of Mn as patches, which can become explainable by this process. Manganese oxidation can also be catalyzed by bacteria, fungi, and other organisms; however, microorganisms (fungi and cyanobacteria) were only found in Mn-poor regions at the Freiburger Münster (Fig. 6C-D) . No microorganisms could be verified on the Mn-rich patches (Fig. 6A-B) . Most Mn-rich crusts developed in areas that have a high water throughput. This indicates that water, or rather particles dissolved or leached in water, are a probable source for the Mn mass fractions, a theory also proposed by Livingston et al. (2016) for urban Mn crusts. However, the patches observed below the Renaissance-Vorhalle can only result from splash water or condensed water as sources, since they are not directly exposed to rain, indicating the importance of splash and condensation water deposition.
Wet vs. dry deposition mechanisms
Air pollutants are deposited or transferred to materials surfaces through two mechanisms referred to as "wet" and "dry" deposition (Everett et al., 1988) . Wet deposition occurs when pollutants are brought down dissolved in rainwater, whereas dry deposition refers to processes through which a pollutant is deposited directly on surfaces (Grossi and Brimblecombe, 2002) . Dry deposition happens all the time, while wet deposition is due to precipitation and consequently is an intermittent event with both spatial and temporal variations (Grossi and Brimblecombe, 2002) . To calculate the dry deposition rate of Mn at the Freiburger Münster, the absolute abundance of Mn in air masses around Freiburg is of importance. This Mn abundance was reported to be about 20 ng m −3 in larger German cities, based on Vallero (2014) and M. Shafer (personal communications, 2016) . The dry deposition rate also depends on the dry deposition velocity, which depends on the particle size, shape, aggregation, density, the Reynolds number of the flow, and the surface roughness of the deposition material (Pesava et al., 1999; Sehmel, 1980) . Since the minster's walls are highly structured by blocks of stone, ornaments, and sculptures, the flow over these surfaces does not form a simple turbulent boundary layer (Pesava et al., 1999) . To understand dry deposition velocities on sandstone facades, one has to consider the rough surface with complex geometry creating a separated boundary layer (Pesava et al., 1999) . The dry deposition is higher for rough sandstone surfaces than for smooth surfaces (Pesava et al., 1999; Sehmel, 1980) , and the deposition velocity depends on the orientation, structure, and location of the surface. Edges and corners have higher deposition rates than surfaces in the middle of the building. On average, the deposition rate of particles with about 0.6-0.8 μm mean diameters on cubic sandstone features with 0.2 mm roughness height are in the range of 0.03-0.14 cm s −1 with an average of about 0.05 cm s −1 (Pesava et al., 1999) . Flat surfaces produce significantly lower deposition velocities (about 0.005 cm s −1 ) and the deposition speed increases rapidly for a surface roughness of > 0.15 mm (Pesava et al., 1999) . Using these values and an average Mn concentration of 20 ng m −3
, the dry deposition rate for Mn at the Freiburger Münster can be calculated to be in the range of 20-90 ng cm −2 a −1
, depending on the exact position of the sandstone square. However, these values were calculated for particle sizes in the range between 0.1 and 1 μm, where the deposition velocity is lowest and only a weak function of the particle size (Guha, 1997) . Since Mn-rich particles released by vehicular traffic are up to 1.8 μm in size, these numbers are probably underestimations of the actual deposition velocity. As an example, by using the values above, it would take about 1360-6300 years to grow a crust of 120 μg cm −2 solely by dry deposition, indicating that wet deposition must play an important role. To obtain the wet deposition rate, we use the wet scavenging ratio of about 10 6 for Ca (concentration in rain divided by the concentration in air) (Hicks (2005) and the average annual precipitation in Germany (about 1000 mm). This provides Mn wet deposition rates of about 2 μg cm −2 a −1 , and the crust's accumulation would thus take about 60
years. This calculated value is significantly higher than the Mn wet deposition value calculated by Conko et al. (2004) for Reston, Virginia, USA. They found Mn wet deposition rates of 0.2 μg cm −2 a −1 . However, these values were calculated based on measurements in Reston in 1998, a suburb of Washington D.C. The reported Mn abundance at the Washington monument (city center of Washington D.C.) was only about 2 ng m −3 in 1992 and 2.5 ng m −3 in 1993 (Wallace and Slonecker, 1997), about a ten times lower than the Mn abundance in air reported from large German cities. The calculated wet deposition rate of about 2 μg cm −2 a −1 in Freiburg can hence be considered as reasonable.
However, even these wet deposition values are almost too low to explain the crust accumulation at the minster, requiring some 60 years for the buildup of a crust with 120 μg cm −2 of Mn. Since both wet and dry deposition take place in parallel, the deposition rates can be added up, and additional condensed water on sandstones and clay mineral incorporations in the sandstone can slightly increase the dry deposition rates. Deposition of soluble materials occurs more readily on moist surfaces (Grossi and Brimblecombe, 2002) , and clay minerals are able to fix relatively large amounts of Mn, depending on the pH and E h conditions (Reddy and Perkins, 1974) . It seems very likely that manganese oxides are initially present as external coatings onto typical clay minerals such as illite and bentonite (Potter and Rossman, 1977) . Therefore, autocatalysis, in combination with wet and dry deposition, the abundance of clay minerals, and regular condensation of water at the stone surfaces, are factors that can contribute to explaining the crust's accumulation.
Trace elements and organics in the crusts
The fs LA-ICP-MS results revealed that elements easily scavenged by Mn oxyhydroxides are enriched in the black crusts (Table 3) . Their composition is similar to that of common rock varnish, but reveals several differences, e.g., lower Ce and Fe mass fractions and significantly higher Mn values. Especially interesting is the lack of the positive Ce anomaly that is usually associated with Mn oxyhydroxides, such as rock varnish. Since Ce is the only rare earth element (REE) that can be oxidized (from Ce 3+ to Ce 4+ ), it is often found enriched in Mnrich crusts, resulting in a positive Ce anomaly (Ohta and Kawabe, 2001; Thiagarajan and Lee, 2004) . Measurements of urban air in Madrid, Spain (0.76 ng m −3 Ce) revealed positive Ce anomalies (Ce* = 1.27) (Moreno et al., 2013) . Cerium is thought to be enriched in air due to vehicle emissions from catalytic converters (Moreno et al., 2013) and from cerium oxide-based diesel fuel additives (Park et al., 2008) . However, if Ce is abundant in PM in its oxidized form (CeO 2 ), it is insoluble and will not become enriched by scavenging processes of Mn oxyhydroxides. The lack of a positive Ce anomaly in the crusts at the minster might thus be due to the rapid accumulation of the crusts in addition to the PM containing primarily insoluble Ce 4+ . (Fig. 8a) show that the black crust has an additional coating of a carbon-and nitrogen-rich substance, presumably organic matter (Fig. 8b) . Underneath the Mn-coating, two additional spots of C-rich material can be observed (Fig. 8b) . The carbon underneath the crust has no direct contact to the Mn crust, and the spots are too small to possibly be bacterial cells (< < 1 μm). Cluster analysis of the STXM-NEXAFS energy stack scans was conducted. It was used to determine if the carbon material underneath the crusts is similar to the organic layer on top of the crust. The results show two similar C-rich clusters (Fig. 8c, d ) with sharp and strong absorption edges of several different functional groups (Fig. 8e, f) . These two clusters reveal that the carbon from underneath the Mn-rich crust has the same functional groups as the carbon on top of the crust (Fig. 8d, f) and the two C-rich spots could thus have been introduced into the Mn-layer through an open cavity system. Resonance peaks of carbon were found at 284.7 eV (quinones), 285.4 eV (aromatic carbon), 286.3 eV (aryl, vinyl-keto) , 287.65 eV (aliphatic group), and 288.85 (carboxyl group), showing the broad range of different moieties within the material (Cody et al., 2008; Lehmann et al., 2005) . For comparison, a NEXAFS spectrum of Bacillus subtilis is also plotted in Fig. 9 , to illustrate that the spectrum does not confirm the presence of bacteria. Additionally plotted are soot (Hopkins et al., 2007; Obst et al., 2011) and polycyclic aromatic hydrocarbon (Braun et al., 2007; Solomon et al., 2009 ) spectra for comparison, which indicate that the carbon fraction of sample J12SC is a mixture of D.S. Macholdt et al. Atmospheric Environment 171 (2017) 205-220 soot and different polyaromatic compounds (Fig. 9) . The presence of bacteria or fungi that might be involved in Mn deposition can thus be excluded. Raman spectroscopic measurements of the material also indicate the substance to be a soot-like material (bands at 1314 cm −1 and 1586 cm −1 ), and also exclude the abundance of bacteria or fungi (Fig. 10) . The C-rich crust on the FIB-prepared sample J12SC shows distinct soot bands (Patel et al., 2012; Sadezky et al., 2005; Sahoo and Kandasubramanian, 2014) , which increase with increasing power settings. The additionally measured unprocessed sample J12SC shows a mixture of soot and birnessite bands (Freitas et al., 2013; Gui et al., 2015; Julien and Massot, 2002) . Birnessite is a Mn oxyhydroxide phase that is typical of terrestrial Mn-rich crusts, and thus not unexpected in this context. The mixture of both materials results from the measurements having been made perpendicular to the surface, probing into both the C-rich and Mn-rich layer. Hence, we conclude that this carbon is not directly involved in the crusts genesis, and that no indication for a biogenic genesis was found. Whether the Mn-rich layer is still growing under the thick carbon-rich crust cannot be determined.
Element maps of Mn obtained by STXM-NEXAFS measurements
Renaissance-Vorhalle
At the Freiburger Münster, manganese-rich (> 150 μg cm
) patches are only found up to a height of about 7 m, with decreasing amounts at higher elevations. This makes the Renaissance-Vorhalle an exception, with exceptionally high Mn mass fractions at a height of about 7.7 m. One difference between the Renaissance-Vorhalle and the rest of the Münster is that it was treated with a hydrophobic, diffusionopen silicon resin paint (Firma Remmers) during its restoration in 2003. This paint permits diffusion of water through the paint to the air/paint surface, where it can slowly evaporate. When this paint develops fissures or cracks, water can intrude between the paint and the sandstone. The approximate locations of fissures and cracks can be detected by observing the rocks after a rain event (Fig. 11) . The rock surfaces under and around these cracks stay wet, while other surfaces dry quickly, due to the hydrophobic character of this paint. It can be observed that the Mn-rich crusts, as well as organic growth, develop preferentially on top of these wet surfaces (Fig. 11) . Since the paint has a pH value of about 8-9, Mn 2+ , which is mobile and stable under slightly acidic conditions such as in rain within urban areas, might start precipitating under oxic conditions. If surfaces that are supplied with water (by diffusion of rainwater through the paint), have an alkaline pH value, and get an additional supply of Mn 2+ from atmospheric aerosols, the precipitation of Mn oxyhydroxide crusts could start. The steady supply of small amounts of water over a long time period through a diffusion-open paint could explain the faster accumulation of the crusts even at these high elevations. Since the water underneath the paint moves around structures protruding out on vertical surfaces, these structures remain initially uncovered by the crusts (Fig. 12a) until the crust is too thick elsewhere to allow diffusion. As a consequence, the paint covering the protruding structures is subsequently activated and crusts can start to develop on these surfaces as well (Fig. 12b) . Crusts can continue growing by autocatalysis, even if the water supply by the paint is constrained due to sealing by a crust, until the crusted areas start to exfoliate from the rock together with the paint itself (Fig. 12c) . Crusts with 1200 μg cm −2 Mn were measured on top of the silicon resin, . Such high Mn accumulation rates are not explainable by usual dry or wet deposition and condensation, being about 50 times higher than expected. Even a faster and more frequent precipitation, as described above, does not satisfactorily solve the question about the Mn source for this high accumulation rate, and we can offer no explanation for the mechanism producing these extremely fast-growing crusts.
Schöpfungsportal
Of interest is also the Schöpfungsportal (Fig. 13) because of an existing photographic documentation spanning the last 100 years (Fig. 13) . One black patch (lower yellow circle on the left side of the Portal, Fig. 13g ) developed in a time period of ≤100 years, between about 1913 and 2007. Two additional black crusts at the Schöpfung-sportal (upper yellow circles on the left side of the Portal, Fig. 13e and f) developed within no more than four years (between 2007 and 2011) . This observation indicates that the development of these patches is very fast as well. An explanation for the two new patches could be the treatment of the Schöpfungsportal between 2005 and 2007 during the restoration. In contrast to the paint used for the Renaissance-Vorhalle, which is hydrophobic and diffusion-open, the coating at the Schöp-fungsportal was used to seal pore systems and is intended to be closed to water diffusion. A silicic acid ester (Si(OR) 4 ) was applied to the surface to preserve it (Si(OC 2 H 5 ) 4 + 4 H 2 O → SiO 2 · n H 2 O + 4 C 2 H 5 OH). However, to allow the reaction from the intermediate -SiOHHOSi-structures to an amorphous silica gel consisting of SiO 2 and water to proceed fast enough, an alkaline catalyst is added to initiate the hydrolysis. When the vapors produced by the reactions exit the system, the volume of the paint changes. At areas where the coating is exceptionally thick, a system of fissures evolves. This is the area where rainwater can enter and remain for a longer time period. This Mn-enriched rainwater in combination with the alkaline catalyst can result in the oxidation of Mn by alkalization of the system and precipitation of Mn oxyhydroxides. The final product can be the rapid development of the two new patches observed at the Schöpfungsportal.
Conclusion
Most of the patches found at the facade of the Freiburger Münster at a height of > 7 m are Mn-free. They seem to originate most likely from soot or biopigments of black fungi (Fig. 6) , rather than from Mn accumulation. In contrast, almost all black patches at heights up to 7 m revealed high mass fractions of Mn. This height limitation corresponds to the heights up to which vehicle emissions and movements dominate the pollutant levels, and to the flow and turbulence of air masses. The enrichment within the patches with high Mn amounts is unlikely to originate from the sandstone building blocks, and atmospheric deposition of Mn is favored as the possible source of Mn. Vehicle emissions with their high Mn, Pb, Zn, and Ba mass fractions are very likely the metal sources for the airborne particles. This is in agreement with the high amounts of the trace elements Pb, Ba, and Zn found within the crusts.
We used a portable XRF to measure Mn surface densities in μg cm −2 . Thus, an approximate growth rate can be calculated for the Fig. 11 . The Renaissance-Vorhalle during a rain-event (a) and a close-up view of a Mn-rich crust (b). Black crusts and biogenic material develop at surfaces which get wet and remain wet in spite of the hydrophobic silicon resin paint. One can presume that the paint is too thin on these surfaces, or that fissures or cracks allow water to intrude between the paint and the rock. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) D.S. Macholdt et al. Atmospheric Environment 171 (2017) 205-220 crusts on the minster. Calculations strongly indicate wet deposition as the major Mn deposition mechanism, in combination with dry deposition, condensed water, and clay mineral interaction. Manganese from vehicle sources has a leachable fraction of about 90%, allowing the high Mn enrichment found within the crusts. The oxidation from mobile Mn 2+ to immobile Mn 4+ appears to happen abiogenically, via pH shifts from acidic rain to alkaline conditions caused by the alkali and earth alkaline metal containing minerals and clay minerals in sandstones. Biogenic oxidation can be excluded as a factor in the Mn precipitation at the Freiburger Münster. No evidence for organisms was found, neither by light microscopy nor in the course of the search for functional groups and remains of bacterial structures by X-ray microspectroscopy. Raman spectroscopic investigations support the finding of a soot-like material as the only form of organics present in the crust, and confirm the presence of the mineral birnessite as the predominant Mn-bearing mineral.
The element composition of the minster's crusts is similar to that of common rock varnishes, however, the source materials and formation mechanism seem to differ. While rock varnish has a major contribution to its formation by deposition and leaching of mineral dust, the minster's crusts seem to be dominated by anthropogenic emissions and, if at all, only marginally influenced by natural dust minerals.
On the Schöpfungsportal and the Renaissance-Vorhalle, the crusts are especially thick. Since the crusts on the Renaissance-Vorhalle grew on top of a resin applied in 2003, an accumulation rate of more than 100 μg cm −2 a −1 can be estimated, assuming a uniform growth from 2003 until 2015. Alkaline additives to coloring and pore-space-sealing agents might have contributed to this phenomenon, but we cannot satisfactorily explain the extremely high Mn growth rates on this part of the building.
In conclusion, black patches on building facades, usually interpreted as soot or biopigments until now, seem to be often Mn-rich deposits. Three different kinds of Mn-rich patches were observed on the Freiburger Münster: 1) thin Mn-rich crusts on vertical surfaces, 2) relatively thick crusts, which grew rapidly, on the Schöpfungsportal, and 3) especially fast growing and thick crusts, which show exfoliation due to the underlying silicon resin layer, at the Renaissance-Vorhalle. Black, Mn-rich crusts have been found on several buildings tested for such patches at locations distributed worldwide. This indicates that the phenomenon is more common than expected until recently, and further investigations are of scientific interest as well as of great importance for monument conservation and restoration. They are especially needed to prevent restorers to undertake decisions planned to stop the crusts' growth, which, on the contrary, accelerate the growth rates and damage the building facades of objects of historical interest, as it was observed at the Freiburger Münster.
the Johannes Gutenberg University Mainz (MPGC) and the Max Planck Society. We want to thank Maik Biegler for the sample preparation for the LA-ICP-MS measurements and the Münsterbauverein Freiburg, Luzius Kürten, and Uwe Zäh for making it possible to conduct this research. We would like to thank Petya Yordanova for assistance during microscopy and R. Livingston for bringing up the idea to investigate urban varnish. Furthermore, we would like to thank the Münsterbauverein Freiburg, Johanna Quatmann, and the Landesamt fuer Denkmalpflege im Regierungspräsidium Stuttgart for providing images. We thank J. J. Schauer and M. M. Shafer for sharing their unpublished data on Mn in European aerosols. This work was supported by the Max Planck Graduate Center with the Johannes Gutenberg University Mainz (MPGC), the Max Planck Society, and King Saud University. The ALS is supported by the Director, Office of Science, Office of Basic Energy Sciences, of the US Department of Energy under Contract DE-AC02-05CH11231. We thank the Helmholtz-Zentrum Berlin for the allocation of the synchrotron radiation beamtime at BESSY II. 
Appendix
